Since 2014, several countries have implemented a 2-dose schedule for Human papillomavirus (HPV) vaccination. Licensure of the 2-dose schedule was based on non-inferiority results from immunobridging studies, comparing the antibody levels of the 2-dose schedule in young girls to those of the 3-dose schedule in young adults. Since licensure, additional data on antibody levels and other aspects of the immune response and clinical effectiveness have become available. This review will discuss the current outcomes on immunogenicity and effectiveness together with an exploration on the population impact of 2-dose schedules from a cost-effectiveness perspective. The 2-dose schedule has important benefits, such as easier logistics, reduced expenditure, potentially higher acceptance and fewer side effects. Policymakers and registration authorities should consider whether these benefits outweigh the likely differences on individual-and population-level impact between the 2-and 3-dose schedules.
Ò , GlaxoSmithKline (GSK)) was registered for the prevention of (precursors of) cervical cancer in women. The quadrivalent (4vHPV) vaccine (HPV6/11/16/ 18, Gardasil Ò , Merck) was also indicated for the prevention of (precursors of) vaginal and vulvar cancer in females and for the prevention of (precursors of) anal cancer and genital warts in males as well as females. [1] [2] [3] [4] [5] Both vaccines were initially licensed in a 3-dose schedule (0/1/6 or 0/2/6 months) for recipients starting from the age of 9 y and older. For licensure, the data on clinical efficacy in individuals above the age of 15 was used, as well as the data on immunogenicity in individuals above the age of 15 and from 9 to 14 y of age. Licensure was based on the so-called immunobridging principle, 6, 7 which assumes noninferior clinical efficacy of a vaccine in a specific age group when the antibody levels of the vaccine in that age group are non-inferior to the antibody levels in an age group where clinical efficacy has been shown. In 2014, both vaccines were licensed in a reduced 2-dose schedule for individuals between the ages of 9 and 14 y. 8, 9 For the 4vHPV vaccine, an interval of 6 months between the first and second dose is recommended. For the 2vHPV vaccine, the second dose should be administered between 5 and 13 months after the first dose. 10 Recently, a nonavalent (9vHPV) vaccine (Gardasil9 Ò , Merck) became available, which protects against HPV6/11/16/18/31/33/45/52 and 58. Currently, the 9vHPV vaccine is only available in a 3-dose schedule 11 and is therefore beyond the scope of this review.
Several countries have implemented the 2-dose schedule as of 2015 (Fig. 1 ). For the GAVI participating countries, the 2-dose schedule is recommended. 12 The registration of the reduced dosing schedule was based on non-inferiority results from immune-bridging studies, comparing the antibody levels after a 2-dose schedule in 9-to 14-year-olds to antibody levels after a 3-dose schedule in 15-to 25-year-olds. 8, 9 In a non-inferiority study, the aim was to show that the new strategy is not worse than the currently available strategy on a particular endpoint, accepting a pre-specified marginal difference. This margin is commonly taken to be 2.0 for the antibody level ratios, 8, 9, 13, 14 meaning that the new dosing schedule should not induce antibody levels more than twice as low as those induced by the established dosing schedule. In the case of registration of the reduced dosing schedules for HPV vaccination, the 2-dose schedule in pre-adolescent girls did not show antibody levels that were more than twice as low as those induced by the 3-dose schedule in women older than 15 y of age, and hence non-inferiority was concluded and registration was established. Note that only between age groups were comparisons used for registration.
Content of this review
In this review, we discuss the following important factors when considering implementing and monitoring reduced dosing schedules:
Ã Immunogenicity, both humoral and cellular immune responses, 18 of the 2-dose schedule compared with the 3-dose schedule. Ã Effectiveness, as measured by the occurrence of genital warts, type-specific HPV infections and cervical intraepithelial lesions (CIN), of the 2-dose schedule compared with the 3-dose schedule. Ã The potential impact, from a population perspective, on the transmission and cost-effectiveness of reduced dosing schedules.
Immunogenicity

Antibody levels
The basis for the registration of the 2-dose schedule for individuals aged 9 to 14 y was a comparison with antibody levels after a 3-dose vaccination schedule among young adults (Table 1A  and 1B) . [8] [9] [10] 14, [19] [20] [21] [22] [23] [24] [25] [26] The assays most commonly used in this comparison are the competitive Luminex assay (cLIA) and the VLP-based ELISA. The ELISA assay measures the total amount of antibodies, whereas the cLIA measures a subset thereof, the neutralising antibodies for one epitope. 27, 28 Additionally, for the 4vHPV vaccine, one study used a multiplex serology assay to assess the concentration of L1-binding antibodies of HPV6, 11, 16 and 18 by measuring the median fluorescence intensity (MFI). A previous study has shown that the antibody concentrations measured using this technique are comparable to those measured using ELISA. 29 The assay considered as the reference standard for HPV serology is the pseudovirion-based neutralisation assay (PBNA), which measures the total amount of neutralising antibodies. This assay is not often used in epidemiological studies because of its labor intensiveness. 28 A head-to-head comparison of both vaccines administered in 2 doses among girls aged 9-14 y showed that the geometric mean antibody concentrations (GMC) as measured by ELISA were higher after the administration of the 2vHPV vaccine than after the administration of the 4vHPV vaccine. This concentration was approximately 1.7 times higher for HPV16 and 4.5 times higher for HPV18. 10 It should be noted that higher antibody levels, up to a factor 2, were generated after a 3-dose schedule in young girls compared with the same schedule in young adults for both the 2vHPV as the 4vHPV vaccine. 30, 31 All immune-bridging studies (both 2vHPV and 4vHPV) showed higher point estimates for antibody levels after a 2-dose schedule in pre-adolescent girls (9-14 y of age) than after a 3-dose schedule in young women (15-25 y of age), except 2 studies on the 2vHPV vaccine, the HPV-070 trial (for HPV16 only) and at several time points in the studies by Romanowski (both for HPV16 and HPV18). 8, [22] [23] [24] For these studies where the 3-dose schedule in young adults generated higher antibody levels than the 2-dose schedule in young girls, the point estimates for HPV16 and HPV18 were both maximum 1.1 times higher, with confidence intervals including one. Immunobridging comparisons using a non-inferiority margin of 2.0 showed noninferior antibody levels of the 2-dose schedule in pre-adolescent girls with the 3-dose schedule in young women, up to 60 months for the 2vHPV vaccine and up to 36 months for the 4vHPV vaccine after the first dose for HPV16 and HPV18. 10, [19] [20] [21] [22] [23] [24] The only exception was the study by Krajden et al. (4vHPV) , where non-inferiority for HPV16 at 36 months and HPV18 at 24 months and 36 months could not be concluded. 20 However, in this study, the confidence intervals were large. When within-age group comparisons were made using a non-inferiority margin for the geometric mean concentration/titer (GMC/T, further on GMC) of 2.0, approximately 50% of the studies did not show non-inferior antibody levels (both 2vHPV and 4vHPV). Studies comparing the antibody levels in pre-adolescent girls (9-14 y of age) have shown 1.04-2.30 times higher antibody level for HPV18 after a 3-dose schedule, with a confidence interval that did not include 1 in more than 50% of the studies. For HPV16, there was no clear pattern; the point estimates for the antibody levels were 0.86 times lower to 2.12 times higher after a 3-dose schedule, although most point estimates after a 3-dose schedule tended to be higher. Only one study (on the 2vHPV vaccine) using PBNA for evaluation compared the total amount of neutralising antibody levels after a 2-dose schedule in pre-adolescent girls with a 3-dose schedule in young women and showed a higher or comparable total amount of neutralising antibody levels after the 2-dose schedule. In this study (2vHPV), the 2-dose schedule was also compared with a 3-dose schedule Table 1A . Geometric mean concentrations (GMC) for HPV16-specific antibodies after 3-and 2-dose schedules and corresponding ratios at different time points. GMCs for HPV16 after 3-and 2-dose schedules as reported in several studies and corresponding ratios for dividing 3-doses by 2-doses. Based on according-to-protocol analysis population, the GMC ratio shown in this table is calculated from the GMCs, as reported in the original papers; hence, small deviations might be present from the GMC ratios, as reported in these papers. Immunobridging principle. The GMC ratio for antibody levels after 3 doses (in 15-to 25-year-old women) divided by 2 doses (in 9-to 14-year-old girls).
within the same age group of pre-adolescent girls. This comparison showed comparable neutralising antibody levels after 2 doses for HPV16, whereas for HPV18, the antibody levels after a 3-dose schedule were nearly twice as high than after a 2-dose schedule from 18 months post vaccination onward. 20 Another study on the 2vHPV vaccine used PBNA to compare neutralising antibody levels within young women and showed comparable neutralising antibody levels after 2 doses for HPV16. 32 Only one study on the 4vHPV vaccine used PBNA in addition to MFI to evaluate the neutralising titres at 18 months after the first vaccine dose among girls aged 10 to 18 y at baseline. For HPV6 and HPV16, the neutralising antibody levels were non-inferior; however, the level of neutralising antibodies for HPV18 in the 2-dose group was inferior to that in the 3-dose group, with a corresponding GMC ratio of 0.42 (0.27-0.65). 33 
Antibody avidity
The affinity of an antibody is a measure of the strength by which one antibody binds to an antigen via a single binding site. When an antibody has a higher affinity for an antigen, the amount of antibodies needed to neutralise the antigen will be lower. The accumulated strength of multiple affinities is called avidity and may be important for protection after vaccination. 34 Boxus et al. examined the antibody avidity of a 2-dose schedule among pre-adolescent girls (9-14 years) with the antibody avidity of a 3-dose schedule in young women (15-25 years) for Table 1B . Geometric mean concentrations (GMC) for HPV18-specific antibodies after 3-and 2-dose schedules and corresponding ratios at different time points. GMCs for HPV18 after 3-and 2-dose schedules as reported in several studies and corresponding ratios for dividing 3-doses by 2-doses. Based on according-to-protocol analysis population, the GMC ratio shown in this table is calculated from the GMCs, as reported in the original papers; hence, small deviations might be present from the GMC ratios, as reported in these papers. Immunobridging principle. The GMC ratio for antibody levels after 3 doses (in 15-to 25-year-old women) divided by 2 doses (in 9-to 14-year-old girls).
the 2vHPV vaccine. 35 No differences were found in the antibody avidity after a 2-dose schedule compared to a 3-dose schedule up to 48 months' post vaccination. Within age-group comparisons were not performed for the 2vHPV vaccine. For the 4vHPV vaccine, Sankaranarayanan et al. explored the antibody avidity after different dosing schedules among 10-to 18-year-old girls. For all vaccine types (HPV6/11/16/18), the geometric mean avidity indices after a 2-dose schedule were non-inferior to those after a 3-dose schedule, both at 7 and 18 months after the first vaccine dose. 33 
Cellular immunity
Cellular immunity is thought to be of importance for long-term vaccine-induced protection and efficacy. T-effector cells are involved in clearance of the established infection, whereas Tmemory cells are enabling B cells in providing a faster and stronger immune response. B-memory cells can differentiate into long-lived plasma cells, which are able to secrete pathogen-specific antibodies. 36, 37 An immunobridging comparison of cellular immune responses after 4vHPV vaccination was made for 2-dose schedules in girls (9-13 y of age) versus 3-dose schedules in young women (16-26 y of age). This comparison found comparable B-memory cell formation for HPV6/11/16/ 18, but lower memory T-cell formation for HPV6/16/18; memory T-cell formation was only comparable for HPV11. Likewise, in girls 9 to 14 y of age (4vHPV), memory T-cell formation was lower after a 2-dose schedule for HPV6/16/18, whereas a comparable response was observed for HPV11. For B-cell memory responses, no differences were found between girls (9-13 y of age) who had received 2 or 3 doses of 4vHPV vaccine. 36 Another study comparing girls (4vHPV) within their own age group (9-14 y of age) showed similar frequencies of memory B cells and CD4C T cells against HPV6/11/16/18 after a 2-or 3-dose schedule, 10, 36 although it should be noted that this study was not powered to compare the cell-mediated immune responses. In this study by Leung et al., a comparison was made between 2-dose recipients of the 2vHPV and 4vHPV vaccine, both between the ages of 9 and 14 y, in which the Bcells and CD4C T-cells showed comparable frequencies for both vaccines; however, the median was highest in the 2vHPV vaccine group. 10 These frequencies were also comparable, as reported in the study of Smolen et al. 36 Previous research among women between 18 and 45 y of age receiving 3 vaccine doses also indicated a significantly higher proportion of memory B cells for HPV18 and for HPV16 (at 7 months and 18 months since the first vaccine dose) as well as a higher proportion of CD4C T cells among recipients of 2vHPV compared to 4vHPV vaccine. 38 
Summary
Non-inferior (neutralising) antibody levels and similar avidity were found for a 2-dose schedule of the 2vHPV and the 4vHPV vaccine in young girls compared with a 3-dose schedule in young adults. Comparing girls within their own age group receiving 2-or 3-doses of the 2vHPV vaccine showed non-inferior (neutralising) antibody levels in only approximately 50% of the studies. The few studies investigating memory B-cell and CD4C T-cell formation (4vHPV) are not conclusive, and one study is not powered to investigate cellular immune response endpoints. Considering these limitations, CD4C T-cell formation upon vaccination with the 4vHPV vaccine seems to be positively related to the number of doses given among girls (with the 3-dose schedule generating higher memory cell counts), whereas HPV18 B-cell memory seems to be affected by age (with higher age resulting in lower counts of memory B cells). It should be noted that the definition of non-inferiority is dependent on the non-inferiority margin used. Non-inferiority does not imply identical antibody levels and subsequently identical effectiveness need not be implied. The implications of the likely differences in humoral and cellular immune response on the effectiveness and duration of protection by the prophylactic HPV vaccines are unclear at the present. Consequently, vaccinated cohorts, independent of the dosing schedule, should be closely monitored. Additionally, it is presently unknown whether a new cervical HPV infection has a booster effect on the antibody levels.
Effectiveness
The ultimate aim of HPV vaccination is to prevent cancer and ano-genital warts. Given the long time between HPV infection and the development of cancer, intermediate endpoints, such as persistent infections and (pre)cancerous lesions, are used for measuring efficacy in vaccine trials. Monitoring vaccine effectiveness to prevent persistent infections and precursor lesions in cohorts of girls who have received a 2-dose instead of a 3-dose schedule will corroborate the presently held assumption that comparable antibody levels translate into comparable protection against clinical outcomes. However, these studies are costly because they require large sample sizes and long followup periods. Therefore, the majority of the published data are observational and retrospective in studies not specifically designed for addressing these questions. This situation leads to methodological challenges, such as power issues and confounding, that should be considered when interpreting these data.
Genital warts
Three-dose schedules of 4vHPV vaccine have been effective in the prevention of genital warts. [39] [40] [41] Blomberg et al. and Herweijer et al. described the influence of alternate dosage schedules on the incidence of condyloma. 42, 43 Although the differentiation on the interval between the doses was not considered in (primary) analyses, both showed that the incidence of condyloma was significantly higher after a 2-dose than 3-dose schedule, among women up to 19 and 24 years of age, respectively. In the study by Blomberg et al., the 2-dose schedule had a higher incidence than the 3-dose schedule among women aged 24-27 years; however, this difference was not statistically significant. 42 The incidence rate ratios (IRR) comparing the incidence after 3-dose with 2-dose schedules are shown in Table 2 . Furthermore, Blomberg et al. stated that with an increasing time interval between the doses, the incidence of condyloma decreased and that this difference in IRR between 3-and 2-dose schedules was further diminished when the interval between the 2 doses increased. 42 
HPV infections
In the Costa Rica Vaccine trial, the effectiveness of different doses of the 2vHPV vaccine against persistent HPV16 and HPV18 infections (defined as consecutive HPV DNA detection for at least 12 months) was established in a post hoc analysis. Although the data were derived from a randomized controlled trial, the dose assignment was not randomized and the time between doses was not considered. The researchers found comparable rates of persistent infection between 3-dose and 2-dose recipients, with higher point estimates after a 3-dose schedule for HPV16/18 infection. 44 These results were confirmed by studying the effectiveness against incident and persistent infections (defined as consecutive HPV DNA detection for at least 6 or 12 months) of vaccine types HPV16 and HPV18 in a comparison between 3-dose and 2-dose recipients in the PATRICIA trial (2vHPV), where the doses were also not randomly allocated. The point estimates for effectiveness of the 2-dose schedule were higher for a longer time interval (0/6-month schedule) between the doses compared to a 0/1-month schedule, although the findings were not significant. 45 In an observational crosssectional study, using cytology samples of 20-to 21-year-old women eligible for cervical cancer screening in Scotland (2vHPV), the prevalence of different HPV types by vaccination status according to different doses was assessed. The interval of the 2-dose schedule was not stated and the recommended dosing schedule at the time was the 3-dose schedule. A significant difference of 7.2% (20.8% vs. 13.6%) HPV16/18 DNA prevalence was found in women vaccinated by 2-versus 3-doses; of note, among the unvaccinated persons, the prevalence was 29.8% (95% confidence interval (CI), 28.3-31.3%). 46 For the 4vHPV vaccine, comparable rates of incidence for vaccine types HPV6/11 and for HPV16/18 were observed after a 2-dose schedule compared to a 3-dose schedule (1.3% vs. 0.8% and 0.7% versus 0.2%, respectively). 33 The differences in vaccine effectiveness for both 3-and 2-dose schedules against infections with HPV vaccine types are summarised in Table 3A. The Scottish study by Kavanagh et al. also explored the effect on cross-protective HPV types 31/33/45. 46 No significant differences were found for the prevalent detection of cross-protective HPV types 31/33/45 combined, although the prevalence estimate (for all types combined) was slightly higher after a 2-dose schedule (6.8% and 7.5%, respectively, compared among the unvaccinated 13.1%). 46 The effect of dosing schedule on cross-protective HPV types was also assessed in the PATRICIA trial (2vHPV). The effectiveness against incident infection by HPV31/33/45 (combined) was significantly higher after a 3-dose than after a 2-dose schedule: 59.7% (95% CI, 56.0-63.0%) and 37.7% (95% CI, 12.4-55.9%), respectively. Additionally, the 3-dose schedule showed significant effectiveness against 6-or 12-month persistent infection by HPV31/33/45 (combined), respectively, 60.1% (95% CI, 54.0-65.4%) and 54.9% (95% CI, 46.2-62.3%) but not for the 2-dose schedule, respectively, 30.7% (95% CI, -27.9-63.0%) and 7.6% (-118-61%). The stratification for the timing of the second dose yielded a vaccine effectiveness of the 2-dose schedule (0/6 months) that was significantly higher than after a 2-dose schedule (0/1 month) against infections that persisted for at least 6 months with HPV31/33/45 combined. 45 For the 4vHPV vaccine, no differences in incidence for the cross-protective types HPV31/33/45 could be observed between the 3-and 2-dose (both 0/1 and 0/6 month intervals) schedules. 33 The vaccine effectiveness for both 3-and 2-dose schedules against infections with cross-protective types are summarised in Table 3B .
Cervical lesions
To date, evidence on the effectiveness of the 2-dose schedule (compared with the 3-dose schedule) against cervical precursor lesions is based on 4 data-linkage studies (3 4vHPV vaccine and one 2vHPV vaccine), which have determined the association between vaccine status and the prevalence of cervical intraepithelial neoplasia (CIN). Three of these 4 studies were performed in Australia (4vHPV vaccine), the first country to adopt a nationwide female immunisation program. All four studies found differences in the risk estimates for high-grade CIN, with a higher, although not significant, risk after a 2-dose schedule. [47] [48] [49] [50] Only the study by Brotherton et al. showed statistically significant differences with a higher risk for a 2-dose schedule (Table 4) . 47 However, these studies were not designed for a specific 3-vs. 2-dose comparison. Methodological challenges in all 4 studies were that confounding could not be completely accounted for and that these studies were not powered to detect a statistically significant difference. Notably, all of the studies reported comparable point estimates; however, these findings were only significant in the study with the largest sample size. It should also be noted that parts of the screened populations participated in a catch-up program; thus, these women were vaccinated above the age of fourteen. Presently, Both vaccinated groups were compared to their own control group, composed of participants randomized for the control vaccine (Hepatitis A) who had received an equal number of doses. Table 3B . Vaccine effectiveness for cross-protective types HPV31, HPV33 and HPV45 after 3-and 2-dose schedules compared with no vaccination after 2vHPV and 4vHPV vaccination. Both vaccinated groups were compared to their own control group, composed of participants randomized for the control vaccine (Hepatitis A) who had received an equal number of doses. The reported effect estimates are relative to the unvaccinated. A ratio below 1 indicates a protective effect of vaccination on cervical precursor lesions. The closer the effect estimate is to 0, the lower is the risk for a cervical precursor lesion.
for the recipients older than 14 y of age, the 3-dose schedule is still recommended. The studies by Brotherton et al. and Crowe et al. mentioned a likely misclassification with regard to underreporting the number of received doses in the vaccination registries, which might lead to overestimation of the effect of partial vaccination.
47,48
Summary
The data from within age group comparisons on genital warts (4vHPV vaccine only), incident and persistent HPV infections (both 2vHPV and 4vHPV vaccine) and cervical lesions (both vaccines) are derived from post hoc analyses of non-randomized or observational studies. These studies indicated in several cases a lower effectiveness for a 2-dose schedule. The incidence of genital warts after a 3-dose schedule was found to be lower than after a 2-dose schedule for 4vHPV vaccine, although the timing between the doses might have been suboptimal. 42, 43 The vaccine effectiveness for incident and persistent HPV16/18 infection was comparable between 3-and 2-dose schedules of 2vHPV vaccine in non-randomized subgroup analyses from vaccine trials. [44] [45] [46] After a 2-dose schedule, no significant crossprotection against persistent infections with types HPV31/33/ 45 was found, although when the timing of the 2-dose schedule was (0,6 months), the results were comparable to the 3-dose schedule. 45 For the 4vHPV vaccine, no differences between the 3-and 2-dose recipients were observed in the incidence of persistent infections with vaccine types HPV6/11/16/18 or crossprotective types HPV31/33/45. 33 Several studies on cytological abnormalities showed higher but not significant risk estimates for high-grade CIN after a 2-dose schedule. In only one study, a significant difference was found. [47] [48] [49] [50] Population perspective
Impact on transmission
Until now, we have only considered the effects of reduced dosing schedules on the level of the vaccinated individual. The overall impact of a vaccination program, however, consists of direct protection against infection together with indirect protection through a reduced circulation of vaccine-preventable pathogen strains. The indirect protection of non-vaccinated individuals by vaccination is called herd immunity. Herd immunity may constitute an important aspect of the overall impact of a vaccination program, as demonstrated by the rapid decrease in the diagnosis of genital warts in countries with a substantial uptake of the 4vHPV vaccine. [39] [40] [41] The prevalence of genital warts declined among the vaccinated (females) as well as non-vaccinated (heterosexual) individuals, likely as a consequence of reduced exposure to vaccine-type infections in the heterosexual population as a whole. Modeling studies have also predicted substantial herd immunity for oncogenic HPV types 51, 52 , although the magnitude of indirect protection will likely be smaller for HPV16 and 18 relative to HPV6 and 11. 53 Although herd immunity from HPV vaccination is becoming measurable, for example, by the reduced prevalence of genital warts, the mechanisms that underlie a reduced circulation of vaccine-type HPV are not precisely clear. The prophylactic efficacy of HPV vaccines approximates 100% when the clinical endpoints, i.e., vaccine-type-specific high-grade lesions or genital warts, are considered. However, the efficacy is lower when prevalent detection of HPV DNA is considered. 54, 55 Whether single HPV-DNA detection using a highly sensitive PCR should be classified as infection or merely as exposure is open to discussion; however, it is conceivable that vaccinated individuals might become transiently infected by vaccine-type HPV. This situation, for example, is illustrated in the study by Kavanagh et al., where HPV16/18 was detected among the vaccinated individuals, although still at a lower rate than among the unvaccinated individuals. 46 Moreover, HPV16/18 prevalence was higher among those vaccinated with a 2-dose compared with a 3-dose schedule. 46 To what extent such transient infections still contribute to further transmission remains unclear, but it is likely dependent on viral load. If non-inferiority in antibody levels induced by 2-dose versus 3-dose vaccination schedules would result in similar protection against clinical endpoints on an individual level, this situation need not translate into similar transmission dynamics, e.g., if differences exist in the duration of transient infections among those vaccinated with 3-or 2-doses. The population-level impact of reduced dosing schedules on HPV transmission dynamics have yet to be investigated. Modeling studies have so far only been employed to assess the impact of differences in the duration of protection induced by 2-vs. 3-dose vaccination schedules. The study of Jit et al. showed that when the 2-dose schedule protects for at least 20 y, the effects of the third dose are small because those vaccinated will have aged beyond the peak of sexual transmission rates. 56 Additionally, when the coverage is 80% and protection of the 2-dose schedule lasts for 20 y, the numbers needed to vaccinate with the 3-dose schedule to prevent one additional case of cervical cancer exceed 10,000. 57 
Cost-effectiveness of reduced dosing schedules
The 2-dose schedule could have important benefits, such as lower costs, higher uptake, higher completion rates, easier logistics and likely fewer adverse events. 24 The reduced expenditure is an obvious advantage when switching to reduced dosing schedules for HPV vaccination. In health economic terms, it can be considered to be a justification of a potentially reduced population impact of vaccination. From the dynamic modeling study of Jit et al., one might already expect that if a 2-dose vaccination would provide the same protection as 3-dose vaccination for 20 y, then the third dose will need to be priced substantially lower for a 3-dose schedule to be cost-effective, as illustrated in a separate cost-effectiveness analysis for the UK assuming a single-dose price of approximately £85. 57 Laprise and colleagues have assessed the incremental cost-effectiveness of a third vaccine dose on top of a 2-dose schedule for Canada, assuming a dose price of $85, and they concluded that a third vaccine dose is unlikely to be cost-effective if 2 doses achieve similar protection for 30 y or longer. 58 It should be mentioned that the realized vaccine prices in a national immunisation program are typically lower than the pharmacy dose prices used in cost-effectiveness analyses, which could have affected the outcomes of these studies.
Summary
The cost-effectiveness analyses of the 2-versus 3-dose HPV vaccination schedules for the UK and Canada achieved similar results, partly because they started from similar assumptions. Both studies were based on the principle that the 2-dose vaccination achieves identical protection against infection as a 3-dose vaccination schedule but might achieve a shorter duration of protection. The assumption that non-inferiority of antibody levels from immune-bridging studies translates into identical effectiveness on an individual level, and identical impact on secondary transmission might not hold because there are indications that the ratio of antibody levels between 3-and 2-dose schedules is not constant over time.
14 Moreover, based on observational studies, one might conclude a reduced effectiveness from a reduced dosing schedule. 42, 43, 46, 47 The effectiveness that needs to be achieved by 2-vs. 3-dose vaccination for health economic preference of either vaccination schedule warrants additional exploration.
Concluding remarks
Since licensure in 2013/2014, several countries worldwide have implemented a 2-dose schedule for HPV vaccination. The twodose schedule has important benefits compared to the 3-dose schedule, such as easier logistics, potentially higher uptake and fewer side effects. Although immunogenicity for 2-versus 3-dose schedules seems unimpaired when pre-adolescent girls are compared to young adults, non-inferiority within the same age group has not been shown. Additionally, the non-inferiority studies performed so far have a short follow-up, the longest time frame being only 48 (4vHPV) or 60 months (2vHPV). Comparable immunogenicity of the 2-dose compared with 3-dose schedule should be safeguarded over a longer time frame in prospective studies, preferably until the girls who are vaccinated with a 2-dose schedule become eligible for cervical screening. Some differences in the effectiveness on the prevalence of HPV16/18 infections and persistence of cross-protective types HPV31/33/45 have been found, and indications for an increased risk for CIN2/3 after a 2-dose schedule exist. So far, most results on the effectiveness of the 2-dose relative to a 3-dose schedule were obtained using post hoc analyses in studies not designed or randomized for evaluation of these outcomes, did not differentiate on timing between doses, could not completely account for confounding or were not powered to detect statistically significant differences. Hence, additionally studying the effectiveness in long-term prospective studies against persistent infections and CIN2C of reduced dosing schedules, eventually compared to a 3-dose schedule, is of additional value. The impact of reduced dosing schedules on transmission dynamics and herd immunity will become clear in the following years, with more countries implementing 2-dose schedules. Thus far, the cost-effectiveness analyses have only considered a shorter duration of protection, but with an equal effectiveness of the 2-dose schedule relative to the 3-dose schedule. Moreover, health economic assessments were based on vaccine prices that were higher than might be applicable in national immunisation programs. These analyses showed that with at least 20 years' protection of the 2-dose schedule, the incremental benefits of the 3-dose schedule are small. Other scenarios for cost-effectiveness evaluation must be explored in the future. Long-term follow-up of cohorts vaccinated with a 2-dose schedule on both immunogenicity and effectiveness is indicated. These studies might also help to elucidate a likely correlate of protection.
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